INTRODUCTION {#SEC1}
============

RNA molecules play crucial roles in many biological processes in all organisms. RNAs are information carriers, regulators of numerous biological pathways and also act as catalysts ([@B1]). Over the past decades, many diverse functional RNA architectures were discovered and their importance in many regulatory mechanisms of biological processes was established. RNA functions depend on their sequence and their striking ability to fold into complex structures capable of undergoing large structural rearrangements upon interactions with other molecular partners ([@B5]).

The elucidation of the mechanisms of recognition between RNAs and their interacting partners remains a major objective in molecular and structural biology. These efforts led to a significant increase of the number of high-resolution RNA structures over the past 10 years. However, thorough descriptions of RNA flexibility, an essential aspect of RNA function, remain less common. Nuclear Magnetic Resonance (NMR) provides an efficient method to unravel both structural and dynamical aspects of RNA and this approach has been successfully used to study a wide range of systems ([@B8]). Moreover, NMR is widely used to investigate the mechanisms involved in the interactions between RNA and other biomolecules, such as proteins ([@B12]). However, the study of large RNA molecules by NMR remains challenging, due to the combined effect of efficient relaxation and spectral crowding. Several methods combining isotopic labeling and optimized NMR signal acquisition schemes were recently developed to address these issues ([@B14]). One promising route to the application of NMR methodologies to larger RNA systems relies on the incorporation of paramagnetic probes, coupled to the measurement of the induced effects on nuclear spins ([@B16]). The paramagnetic relaxation enhancement (PRE) and chemical shift variations induced by the probe depend on: (i) the distance between the observed nucleus and the probe and (ii) the dynamics of the molecule. Despite its long-standing use in NMR, this technique was only applied in the 1990s to proteins and DNA/protein complexes ([@B17]). The strategy was later implemented for the study of RNA-protein complexes by adapting the paramagnetic spin label to RNA chemistry ([@B22]). The method was successfully used to refine 3D structures by taking advantage of supplementary long-range distances, to observe the existence of transient encounter complexes between interacting proteins or to investigate protein-DNA recognition mechanisms ([@B16],[@B25]). Noteworthy, the use of spin label enabled the application of Electron Paramagnetic Resonance (EPR) approaches to study biological macromolecules and their complexes ([@B27]). Of particular interest is the ability of this spectroscopy to describe conformational changes within large complexes by the measurement of long-range distances between two sites bearing electronic probes ([@B30]). The development of efficient methods of incorporation of a paramagnetic center at specific positions in an RNA is therefore of primary importance for these two magnetic spectroscopies.

During recent years, several spin labeling techniques of RNA were developed to study RNA and their complexes ([@B24],[@B31]). A recent approach describes the use of a novel 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) radical phosphoramidite building block whose attachment at the RNA 5′-end allows PRE measurement by NMR ([@B25]). However, the chemical synthesis of RNA is limited to short RNA oligonucleotides. Enzymatic methods were also reported for grafting a nitroxide group to RNA termini ([@B31]). Macosko *et al.* used the T7 RNA polymerase to introduce a guanosine monophosphorothioate at the 5′-end of an RNA molecule, allowing its subsequent modification by the covalent addition of the spin label ([@B31]). The T4 polynucleotide kinase was used by Grant and Qin to link a phosphorothioate group at the 5′-end of the RNA, enabling its reaction with iodomethyl derivative of nitroxide ([@B32]). A non-covalent spin labeling strategy was used by Helmling *et al.* to obtain long-range structural NMR restraints ([@B35]). Recently, one approach using convertible nucleosides and DNA-catalyzed RNA ligation was also suggested to insert a nitroxide spin label at specific positions for EPR studies ([@B34]).

Here, we propose a general, fully enzymatic method for the introduction of a paramagnetic probe at a specific position in an RNA sequence. Our technique is based on a segmental approach using a ligation protocol with T4 RNA ligase 2 ([@B36]). Two RNA fragments corresponding each to a part of the full-length RNA are designed and transcribed using T7 RNA polymerase. One transcribed acceptor RNA is ligated to a donor RNA in which a thio-modified nucleotide is introduced at its 5′-end by *in vitro* transcription with T7 RNA polymerase (Figure [1A](#F1){ref-type="fig"}). The ligation product corresponding to the full-length RNA contains a single thio-modified nucleotide at a specific position (Figure [1C](#F1){ref-type="fig"}). The paramagnetic spin label is subsequently attached to the RNA containing the thio-modified base at the chosen position. This method yields to a very efficient way of incorporating modified nucleotides in an RNA sequence without size limitation. This enables the study of large size RNA molecules using spectroscopic tools. The high incorporation efficiency of the paramagnetic probe will be of interest to measure distances with EPR methods. For NMR, it offers the possibility to combine segmental and selective isotopic labeling with PRE measurements, opening a novel perspective to study the dynamics and the structure of RNA molecules.

![Method for the site-directed spin labeling approach. **(A)** Schematic representation of the synthesis of site-specific spin labeled RNA. 6-thioguanosine-5′-O-monophosphate (pG~6T~ = 6-T-GMP) is incorporated at a specific position. **(B)** The proxyl-RNA coupling reaction involves the addition of 3-(2-Iodoacetamido)-proxyl on 6-thioguanosine-5′-O-monophosphate. **(C)** Secondary structure of the 55-nt (tyrS) RNA molecule corresponding to the specifier loop domain and K-turn sequence motif of the *tyrS* leader RNA. The Specifier Loop Domain and the tetraloop are boxed. The arrow indicates the chosen segmentation site and the circle indicates the thio-modified site.](gku553fig1){#F1}

The efficiency of the site-specific spin-labeling reaction and the quality of the spin-labeled RNA were monitored using NMR, mass spectrometry (MS) and EPR. This site-directed spin labeling method is demonstrated on the 55-nt (17.7 kDa) RNA corresponding to K-turn and Specifier Loop domains from the *Bacillus subtilis* tyrS T-Box leader RNA, whose structure was solved by NMR by Wang and Nikonowicz (PDB id: 2KZL; 39). We show that a paramagnetic center can be successfully inserted at a specific position in an RNA sequence using T4 RNA ligation techniques, with yields compatible with NMR and EPR studies.

MATERIALS AND METHODS {#SEC2}
=====================

Synthesis of RNA segments {#SEC2-1}
-------------------------

All RNA segments were prepared either unlabeled or ^13^C-^15^N labeled by *in vitro* transcription with homemade T7 RNA polymerase from oligonucleotide templates containing a 2′-O-methyl modification at position 2 ([@B40]). The DNA templates were purchased from Sigma (France) and Eurogentec (Belgium). Transcription conditions were optimized according to previous protocols ([@B41]). 6-thioguanosine-5′-O-monophosphate (6-T-GMP) was purchased from BIOLOG (Germany). Labeled NTPs (nucleotide triphosphate) were purchased from Eurisotop and Sigma (France). The full-length RNA and segment (G1-A23) were prepared unmodified (Figure [1C](#F1){ref-type="fig"}). The RNA segment (G24-C55) was modified at its 5′-end by incorporating 6-T-GMP nucleoside. Each NTP was added at a classical concentration of 4 mM, with the exception of guanosine 5\'-triphosphate (GTP) whose concentration was 3 mM. 6-T-GMP was added at a concentration of 9.1 mM ([@B32]). RNAs were purified on denaturing polyacrylamide gels as described by Wyatt *et al.* ([@B42]). After electroelution and ethanol precipitation, RNAs were resuspended in water. The concentration of RNA samples was measured using a Nanodrop Spectrometer and calculated with molar extinction coefficients obtained from the Eurofins MWG Operon calculator (<http://www.operon.com/tools/oligo-analysis-tool.aspx>).

Hybridization of RNA fragments to DNA splint {#SEC2-2}
--------------------------------------------

The interactions of RNA segments with DNA were characterized by electrophoresis under native conditions. The samples were heated at 95°C (2 min) and snap-cooled at 4°C in the T4 RNA ligase 2 buffer (50 mM TRIS-HCl, 2 mM MgCl~2~, 1 mM DTT, 400 μM adenosine triphosphate (ATP) at pH 7.5). After centrifugation, at 10 000 revolutions per minute (rpm), for 5 min at room temperature, the samples were examined by electrophoresis on a 10% polyacrylamide native gel. The gel was run in 0.5X TBE at 150 V, at 4°C. Bands were visualized with toluidine blue.

Ligation of RNA segments {#SEC2-3}
------------------------

The (G1-A23) RNA segment was ligated to the thio-modified (G24-C55) fragment by T4 RNA ligase 2 using a complementary 43-nt DNA splint. The T4 RNA ligase 2 was purchased from New Englands Biolabs (United States). The 43-nt DNA splint (5′-TCATGAGTGTATTCGGACCGAAGTCCTACTTGTCTCAATCTTT-3′) was purchased from SIGMA (France). A series of test experiments performed in 10 μl, with varying temperatures, reaction time, RNA and enzyme concentrations was carried out in the T4 RNA ligase 2 buffer (50 mM TRIS-HCl, 2 mM MgCl~2~, 1 mM DTT, 400 μM ATP at pH 7.5). After optimization, a 5 ml preparative one-pot ligation reaction with equimolar strand concentrations ranging from 10 to 30 μM of each RNA segment and the DNA splint was performed in the T4 RNA ligase 2 buffer. The reaction mixture was heated at 95°C and snap-cooled at 4°C. Then 2.25 kU of T4 RNA ligase 2 were added and the mixture was incubated overnight at 37°C. The efficiency of the ligation was followed on a 12% polyacrylamide denaturing gel containing 7 M urea. The product of ligation corresponding to the full-length RNA was purified from denaturing polyacrylamide gel electrophoresis as described previously ([@B42]). The RNA was then electroeluted from the gel and recovered by ethanol precipitation. The yield of the ligation was estimated at 50% by quantification of the intensities of the stained bands on the gel.

Spin labeling of RNA {#SEC2-4}
--------------------

3-(2-Iodoacetamido)-proxyl (proxyl) was purchased from Sigma (France). The efficiency of the coupling reaction between the nitroxide reagent and the thio-modified nucleotide was verified by NMR (Figure [1B](#F1){ref-type="fig"}; Supplementary Figure S1).

In order to prevent light-induced degradation of the nitroxide, all following steps were performed in the dark.

The RNA containing one 6-T-GMP modification at a specific position, was resuspended in 400 μl of 100 mM sodium phosphate buffer at pH 8.0. A total of 40 μl of 200-fold-excess of 3-(2-Iodoacetamido)-proxyl dissolved in ethanol was added in two steps to the RNA solution. The reaction mixture was incubated at 40°C for 24 h. The integrity of the spin-labeled RNA was then verified on a 20% denaturing polyacrylamide gel (Supplementary Figure S2). In addition, after a few weeks, no cleavage or degradation of the spin-labeled RNA was observed.

After ethanol precipitation and centrifugation at 12 000 rpm at 4°C for 30 min, the pellet of the spin-labeled RNA was washed with 400 μl ethanol. After removal of the supernatant, the RNA was resuspended in water and dialysed against the buffer used for NMR and EPR experiments, overnight at 4°C. The dialysis buffer was changed four times. The sample was concentrated by lyophilization and resuspended in H~2~O/D~2~O (90/10) for NMR and EPR experiments. The labeling efficiency was evaluated using NMR, MS and EPR. The concentrations of RNA samples were determined as described above.

MS experiments {#SEC2-5}
--------------

Prior to MS analysis, RNA samples were dialyzed against 200 mM ammonium acetate on Amicon Ultra-4 centrifugal filter units-10000NMWL and concentrated to 30 μM final. RNA intact mass detections were performed using an ESI-TOF mass spectrometer (Q-TOF micro, Waters, MA, USA). Calibration was achieved in the negative ion mode, using phosphoric acid. Samples were diluted to about 1 μM in 1:1 water--acetonitrile containing 1% triethylamine. MaxEnt (maximum entropy deconvolution software) was used to provide a first approximate of the masses whereas exact masses were calculated manually from the multiple charged species.

The RNA modification by the spin label was characterized after RNaseA treatment on a MALDI-TOF/TOF mass spectrometer (Autoflex III Smart Beam, Bruker, Billerica, MA, USA). Dried-droplet method was used with 3-Hydroxy picolinic acid matrix. Spectra were recorded in negative-ion mode after an external calibration using a synthetic ODN (OligoDeoxiriboNucleotide) mixture. MS/MS mode was used to confirm the nucleotide sequence and the localization of the modification.

Continuous-wave EPR spectroscopy {#SEC2-6}
--------------------------------

Conventional X-band field swept EPR spectra were acquired on an EMX X-band spectrometer (EMXplus from Bruker Biopsin GmbH, Germany), equipped with a high sensitivity resonator (4119HS-W1, Bruker). RNA-labeled sample in 70 mM sodium phosphate buffer at pH 6.5 supplemented by 10% D~2~O was loaded into glass capillaries (Hirschmann ringcaps, 20 μl) that were sealed at both ends. Standards of known concentrations of PROXYL were used to estimate the labeling efficiency. All experiments were performed at room temperature (295 ± 1 K). Main acquisition parameters were: 0.05 mT amplitude modulation, 1.8 mW incident microwave power, 40 ms time constant, 100 ms conversion time, 1200 points/scan, 15 mT sweep width and at least 3 scans were accumulated per spectrum to achieve reasonable signal to noise (S/N) ratio. Simulations were generated under matlab environment using Easyspin Toolbox ([@B43]).

NMR experiments {#SEC2-7}
---------------

NMR experiments were recorded at 500, 600 and 700 MHz on Avance Bruker spectrometers equipped with a z-gradient TBI probe (at 500 MHz) and cryoprobes. NMR data were processed using TopSpin (Bruker) and NMRpipe ([@B44]), and analyzed with Sparky software ([@B45]). NMR experiments were recorded in 70 mM sodium phosphate buffer at pH 6.5. The concentration of RNA samples was 200 μM in 150 μl, in 3 mm NMR tubes. Resonance assignments were performed on the basis of previously reported NMR data (BMRB entry: 17316; 39). All NMR spectra were acquired at 293 K. Solvent suppression was either achieved using a 'Jump and Return' combined with a WATERGATE or single WATERGATE pulse sequence for 1D and 2D experiments, respectively ([@B46]). 2D TOCSY (total correlation spectroscopy) spectra were acquired using a MLEV (Malcolm Levitt composite-pulse decoupling sequence) mixing sequence and a mixing time of 60 ms.

The cross-peak intensities in the homonuclear TOCSY and heteronuclear ^1^H-^13^C HSQC (Heteronuclear Single Quantum Coherence) experiments were measured using the Sparky software. Intensities were normalized using the intensity corresponding to the H5-H6 correlation peak of C54 on the TOCSY spectra and the H8-C8 correlation peak of A50 on the HSQC. Both C54 and A50 residues are located more than 50 Å away from the paramagnetic center, according to the 3D structure, and therefore are not affected by the paramagnetic relaxation. PRE was then quantified using the ratio between the intensities of the spin-labeled RNA and those of the unlabeled RNA. Observed perturbations upon the attachment of the spin-label were reported on the structure (PDB id: 2KZL; 39) visualized using the Pymol software ([@B47]).

RESULTS AND DISCUSSION {#SEC3}
======================

Enzymatic synthesis of site-specific thio-modified RNA {#SEC3-1}
------------------------------------------------------

The RNA ligation site was chosen such as to optimize the transcription efficiency of the 5′ fragment by the T7 RNA polymerase that displays higher reaction yields for sequences starting with a GG dinucleotide ([@B41]). Among the possible sites, the A23-G24 linkage was chosen for its central position within the RNA (Figure [1C](#F1){ref-type="fig"}). In addition, the sulfur atom located in the thio-modified nucleotide needs to be accessible for the spin-labeling reaction. Consequently, it is preferable to choose a position located in a structure that could be melt at a temperature below 50°C to maintain the integrity of the nitroxide.

The RNA fragment (G1-A23) was therefore synthesized by classical *in vitro* transcription whereas (G24-C55) RNA was modified at its 5′-end with the incorporation of a 6-T-GMP nucleoside as described ([@B31]). After purification of RNA transcripts, optimization experiments were performed for the ligation by T4 RNA ligase 2, which displays better activity on double-stranded nucleic acids ([@B38]). Optimal conditions for the hybridization of the RNA fragments to the complementary DNA splint were first investigated to avoid the formation of side-products. After heating an equimolar mixture of DNA and RNAs at 95°C and snap cooling at 4°C, the formation of the DNA/RNA hybrids was examined by electrophoresis on a native gel (Figure [2A](#F2){ref-type="fig"}). The experiments revealed that the optimal ligation yield was obtained after a minimal reaction time of 5 h at 37°C, with oligonucleotides concentrations ranging from 10 to 30 μM (Figure [2B](#F2){ref-type="fig"}). After purification and dialysis against the buffer used for NMR and EPR studies, the ligation product containing one thio-modified guanosine (6-T-GMP), was analyzed by NMR. Figure [2C](#F2){ref-type="fig"} compares the imino proton region of 1D spectra of the wild-type full-length RNA with the corresponding spectrum of the (G1-A23)-(G24~6TG~--C55) ligation product. The two spectra are nearly identical, suggesting that the incorporation of the modified guanine does not alter the hydrogen-bonding pattern. In conclusion, our NMR data clearly show that the thio-modified residue was introduced into the RNA without altering the global fold of the RNA.

![Synthesis of site-specific spin-labeled RNA. **(A)** Native gel electrophoresis on 10% polyacrylamide. RNA segments and DNA splint were loaded in the T4 RNA ligase 2 buffer: lane 1, (pG24~6T~-C55); lane 2, (pppG1-G23); lane 3, DNA splint; lane 4, (pppG1-G23) + (pG24~6T~-C55) + DNA splint. **(B)** Denaturing 12% polyacrylamide gel. Lane 1: RNA fragment (G1-G23) acceptor; lane 2: RNA fragment (pG24~6T~-C55) donor; lane 3: DNA splint (43-nt); lane 4: preparative ligation; lane 5: purified ligation product. **(C)** Imino-proton region of 1D spectra recorded at 20°C of the wild-type RNA full-length (top) and the ligation product (bottom). All imino protons were assigned via sequential Nuclear Overhauser Effects (NOEs) observed in 2D-NOESY experiments, with the exception of the resonances at 10.37, 11.09 and 11.43 p.p.m. that could not be identified unambiguously.](gku553fig2){#F2}

Coupling reaction of the spin label to the thio-modified RNA {#SEC3-2}
------------------------------------------------------------

Next, optimal reaction conditions to couple the nitroxide derivative to the RNA were determined using the (G1-A23)-(G24~6TG~--C55) ligation product as substrate for the reaction. Optimal yields were obtained by adding 200-fold excess of the proxyl reagent over 24 h at pH 8.0 and 40°C. This temperature was chosen to partially melt the structure in which the G24~6TG~ is involved in order to enhance its accessibility to the spin label.

The coupling reaction efficiency as well as the integrity of the resulting spin-labeled RNA were checked using Electro Spray Inject Mass Spectrometry. Exact masses for the wild-type RNA and the spin-labeled RNA were found at 17967.5 ± 0.5 Da and 18180.5 ± 0.9 Da, respectively (Table [1](#tbl1){ref-type="table"}). The corresponding mass difference (213 Da) corresponds to the addition of the proxyl group and the substitution of an oxygen by a sulfur atom on the guanine as expected. Furthermore, as shown in Figure [3A](#F3){ref-type="fig"}, the spin-labeled RNA was obtained as a major product and no significant signal corresponding to the unmodified RNA could be detected, indicating that the coupling reaction was effective. The modification was further characterized using an RNaseA treatment prior MS analysis in order to confirm the nucleotide sequence and the localization of the modification (Figure [3B](#F3){ref-type="fig"}). The RNase A cleaves RNA sequence after pyrimidine nucleotides. The fragment 5′-A~23~G~24SL~G~25~A~26~C~27~ p -3′ whose monoisotopic mass is 1884.1 Da, contains the thio-modified G bearing the nitroxide modification. MS fragmentation of this modified oligonucleotide leads to typical fragment ions depicted in Figure [3B](#F3){ref-type="fig"} (Supporting Table S1; [@B48]). Mass values of 329.1, 345.3, 329.1 and 305.0 were found respectively for A23, G25, A26 and C27 while the mass of the spin-labeled G24 nucleotide was found at 558.4 Da, demonstrating that the RNA is fully modified at the desired position.

![Molecular weight determined by MS. **(A)** ESI-MS spectra of wild-type RNA (top) and of the spin-labeled RNA after MaxEnt deconvolution showing a first approximate of the masses. Exact masses were next calculated manually from the multiply charged species (Table [1](#tbl1){ref-type="table"}). **(B)** MSMS spectrum of the spin-labeled RNA after RNaseA treatment. The fragment 5′-A~23~G~24SL~G~25~A~26~C~27~ p-3′ whose parent mass is 1884.1 Da, contains the thio-modified G bearing the nitroxide modification. Possible fragmentations are indicated by w, x, y and z series.](gku553fig3){#F3}

###### Molecular weight determined by MS

                     m.w. calculated (Da)   m.w. found (Da)
  ------------------ ---------------------- -----------------
  wt-RNA             17967.8                17967.5 ± 0.5
  Spin-labeled RNA   18181.1                18180.5 ± 0.9

Characterization of spin-labeled RNA by EPR spectroscopy {#SEC3-3}
--------------------------------------------------------

EPR spectroscopy was then used to provide a quantitative assessment of the nitroxide labeling efficiency. The proxyl coupling to the modified RNA resulted into significant changes of the EPR spectrum (Figure [4](#F4){ref-type="fig"}). While the free unbound PROXYL exhibits three sharp lines of almost equal amplitudes (upper spectrum), larger and heterogeneous line widths were found for the spin-labeled RNA spectrum, indicative of slow and restricted rotational motions (lower spectrum). Further line-shape analysis provided us a correlation time in the range of a few nanoseconds compatible with the RNA molecular size, while it is of ca. 100 picoseconds for the free spin label ([@B43]). It is worth noting that no significant trace of free proxyl was found in the spin-labeled RNA spectrum, indicating that all spins are coupled to RNA. The EPR signal was further used to quantify the coupling reaction yield using PROXYL standards of known concentrations. The spin concentration was found to be ca. 150 ± 15 μM from the double integration of the EPR spectrum. This value was in very good agreement with the RNA concentration obtained by ultraviolet absorption (147 ± 15 μM), suggesting that a proxyl-RNA coupling efficiency greater than 95% was achieved. Such a high coupling efficiency results from the separation of the enzymatic RNA ligation and the spin label coupling reactions by a purification step in order to remove the residual DTT. Indeed, while efficient ligation has already been achieved using spin-labeled RNA substrates, significant loss of EPR signal was observed due to the nitroxide reduction under ligation conditions ([@B34]).

![Characterization of spin-labeled RNA by EPR spectroscopy. EPR spectra of covalently labeled RNA (bottom) compared to free PROXYL (top). Both spectra were recorded in 70 mM sodium phosphate buffer (pH = 6.5), supplemented by 10% v/v D~2~O, and acquired with identical instrumental parameters. In this case the concentration of spin-labeled RNA was found to be 150 ± 15 μM, whereas the concentration of the free proxyl spectrum corresponds to 50 μM.](gku553fig4){#F4}

Characterization of spin-labeled RNA by NMR spectroscopy {#SEC3-4}
--------------------------------------------------------

The impact of the spin-labeled guanosine on the RNA 3D structure was then further investigated using NMR. The pattern of imino-proton frequencies observed for the wild-type and the spin-labeled RNA was very similar, except for few residues that displayed reduced intensities, such as G24, indicating that the global fold of the RNA is not affected by the presence of the spin label (Figure [5A](#F5){ref-type="fig"}). In particular, the unperturbed resonance of G31 imino proton indicates that the UUCG tetraloop fold is not altered in the spin-labeled RNA. A semi-quantitative analysis of the enhanced relaxation due to the paramagnetic proxyl was conducted by monitoring intensities of the cross-peaks between non-exchangeable H5 and H6 protons in MLEV experiments (Figure [5B](#F5){ref-type="fig"}). Semi-quantitative analysis of PRE is in agreement with the global RNA 3D structure (Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}). Indeed, residues C18, U22, C27, U33 and C35 display low values of PRE (I~proxylRNA~/I~RNA~), consistent with their positions in the vicinity of the spin label while C54 and C55, which are located more than 50 Å away from the labeling site, were not affected (Figures [5B](#F5){ref-type="fig"} and [6A](#F6){ref-type="fig"}). Noteworthy, larger PRE values are found for residues U39, C41 and C43 located in the Specifier Loop Domain of the RNA, opposite to the tetraloop, suggesting that the proxyl is oriented toward this region. It should be noted that dynamical behaviors of specific regions of an RNA molecule may considerably affect the paramagnetic relaxation, as reported for the paramagnetic 5′-end labeled HIV-1 TAR RNA study where significant differences between experimental and modeled distances were observed ([@B25]). Interestingly, PRE values measured using homonuclear H5-H6 correlations are larger than those measured using heteronuclear experiments (compare PRE values of C6-H6 with H5-H6 of C27 in Figure [6A](#F6){ref-type="fig"} and [C](#F6){ref-type="fig"}). Further experimental and modeling studies will be necessary to establish accurate quantification procedures enabling accurate distances to be obtained from PRE data in RNA. Our efficient and selective RNA spin labeling protocol provides unprecedented perspectives in this direction.

![NMR of site-specific spin-labeled RNA. Imino-proton region of 1D spectra, recorded at 20°C, of the wild-type RNA (top) and the spin-labeled RNA (bottom). **(B)** H6-H5 region of MLEV experiments, recorded at 20°C, of the free RNA (black) and the spin-labeled RNA (red). Stars indicate residues that undergo variations upon nitroxide attachment. **(C)**^1^H-^13^C HSQC spectra showing the aromatic H2-C2 (bottom) and H6/8-C6/8 (top) of the free RNA (black) and the spin-labeled RNA (red). Stars indicate residues that undergo variations upon nitroxide attachment.](gku553fig5){#F5}

![Effect of site-specific spin-labeled RNA analyzed by NMR. **(A)** Bar graph of intensity ratio between the spin-labeled RNA (I~proxylRNA~) and the free form RNA (I~RNA~), normalized to C54, extracted from MLEV experiments, versus the primary sequence of the RNA. The quantification of residues C18, U22, C35, U39, C41 and C43 was not feasible due to the disappearance of the corresponding resonances. The corresponding ratios were estimated by measuring values at the same frequencies as the resonances observable in the wild-type RNA. **(B)** Sphere representation of the RNA structure colored according to the intensity ratios extracted from MLEV experiments. The spin-labeled G24 residue is highlighted in light blue. **(C)** Bar graph of intensity ratio between the (G1-A23)-(G24~6TGproxyl~--C55) RNA and the free form RNA, normalized to A50, extracted from HSQC experiment, versus the primary sequence of the RNA. **(D)** Sphere representation of the RNA structure colored according to the intensity ratios extracted from HSQC experiments. The spin-labeled G24 residue is highlighted in light blue.](gku553fig6){#F6}

### Combining Site-specific spin-labeling with segmental isotope labeling {#SEC3-4-1}

The use of NMR to study the structure and dynamics of RNA larger than 50 nucleotides requires generally the use of dedicated isotopic labeling strategies to address both the spectral crowding and signal broadening problems. One particularly appealing strategy for RNA is the segmental labeling, which allows the selective observation of a specific labeled domain within the full-length RNA ([@B36]). Since this labeling scheme requires an enzymatic ligation, it may be useful to combine both segmental isotopic labeling and site selective incorporation of a spin label. In order to establish the feasibility of such an approach, the fragment (G24~6TG~--C55) was transcribed with ^13^C labeled nucleotides, with the exception of the thio-modified G24, and then ligated to the unlabeled (G1-A23) segment. After addition of the proxyl spin label, the intensities of C2H2, C6H6 and C8H8 correlation peaks were measured in a ^1^H-^13^C HSQC spectra and compared to those obtained from a ^13^C labeled RNA lacking the spin label (Figures [5C](#F5){ref-type="fig"} and [6C](#F6){ref-type="fig"}). The correlations were assigned using previously reported NMR data (BMRB entry: 17316; 39). Upon nitroxide attachment to the G24 residue, the C2H2 correlations corresponding to A26 and A37 disappear, the intensities of A38 and A42 cross-peaks show a significant decrease while A50 and A46 remain almost unaffected (Figures [5C](#F5){ref-type="fig"} and [6C](#F6){ref-type="fig"} and [D](#F6){ref-type="fig"}). The C8H8 cross-peaks corresponding to A26, A38, U39, A40, C41 and A42 display attenuations and frequency shifts upon the nitroxide incorporation (Figures [5C](#F5){ref-type="fig"} and [6C](#F6){ref-type="fig"}). It is noteworthy that the HSQC experiment displays a weaker sensitivity to paramagnetic effect in comparison to the MLEV experiments (Figure [6A](#F6){ref-type="fig"} and [C](#F6){ref-type="fig"}), as illustrated by residue C27. This is due to the combined effects of a longer evolution time characterizing the MLEV mixing sequence and the higher gyromagnetic ratio of the proton. Our data clearly show that the site-specific spin labeling can be successfully combined with segmental isotope labeling, a strategy that allows to combine NMR and EPR spectroscopies to investigate both local and global aspects of RNA plasticity.

CONCLUSION {#SEC4}
==========

We provide a flexible enzymatic protocol for the site-directed spin-labeling of long RNA yielding enough product for NMR studies while maintaining the advantage of selective and segmental isotope labeling with nitrogen-15 and carbon-13. In contrast with approaches relying on partial or complete solid-phase chemical synthesis methods, our enzymatic approach can be applied to large RNA molecules. Such feature is of particular interest for EPR studies when two specific sites have to be labeled in order to monitor the dipolar interaction between the two electronic spins, allowing inter-nitroxide distances measurement ([@B49]). Since the coupling between the nitroxide and RNA occurs at the last step of the labeling protocol, our labeling strategy preserves the quality of the spin label as shown by EPR results. This method enables various combinations of isotopic segmental labeling and spin labeling schemes, a strategy that will be of particular interest to investigate the structural and dynamical properties of large RNA complexes by NMR and EPR spectroscopies.

SUPPLEMENTARY DATA {#SEC5}
==================

[Supplementary Data](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku553/-/DC1) are available at NAR Online.
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